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Abstract 
Light-gage steel structures constituted mainly of cold-formed steel members have been widely 
employed in a variety metal construction in Brazil and many countries. The reduced thicknesses 
this elements making connection designing difficult due the occurrence of the local effects that 
generally govern these designs in thin elements. This paper presents and discusses the results of a 
experimental investigation of bolted connections in cold-formed angles (either equal or unequal 
legs) and channel members (1.55 to 3.75mm thickness), and an evaluation of the structural 
behavior of the connections with identification of the corresponding failure modes, with emphasis 
on the tensile capacity of angles and channels. The resu'lts are compared to those obtained based 
on the Supplement # 1 of the AISIJ96 (1999) and Brazilian Code for the design of cold-formed 
steel structural members. 
Introduction 
The development of high-strength steels for structural use has involved reductions in the 
thickness of cold-formed shapes, intensifying the occurrence of local buckling, distortional 
buckling and failure modes relating to bolted and welded connections. 
Welded connections in cold-formed shapes, are restricted to some welding processes and mainly 
to industrially manufactured connections, in which the welding parameters can be controlled and 
the procedure automated to reduce residual stresses. In contrast, bolted connections, whose place 
in modern construction has become increasingly important, are more versatile and are used in a 
wide variety of applications. Bolted connections, moreover, can be manufactured industrially or 
on the construction site, without the introduction of significant residual stresses. 
For the first time, Supplement # 1 of the AISIJ96 (1999) presents a specific procedure for 
evaluation of the shear lag effect in bolted connections in cold-formed shapes (angle and channel) 
connected by two or more bolts in the line of force. The same procedure has been adopted by the 
Brazilian Code NBR 14762:2001. 
This paper presents and discusses the results of an experimental investigation of bolted 
connections in cold-formed angles and channels, carried out at the Structural Laboratory of the 
'Graduate Student, University of Sao Paulo at Sao Carlos Campus- Brazil 
2Doctor Professor, University of Sao Paulo at Sao Carlos Campus- Brazil 
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Sao Carlos School of Engineering with the purpose of evaluating the structural behavior of bolted 
connections in cold-formed shapes, with emphasis on the shear lag effect. The experimental 
results were compared with those obtained by the equations presented in Supplement # 1 of the 
AISII96 and by the Brazilian Code. 
Theoretical analysis 
According to Salmon & Johnson (1996), a bolted connection should transmit the load of one 
element to another. This load transfer occurs solely via the bolts and, therefore, the stresses which 
can be assumed to be uniformly distributed throughout the transversal section of the member far 
from the connection must be "strangled" toward the region of the bolts, mobilizing the shear lag 
effect, as illustrated in fig. 1. This prevents the transversal section from being completely loaded 
when it is not connected by all its elements, favoring tension failure of the sheet and reducing the 
capacity of the members subjected to tension. This phenomenon has been considered in the codes 
by means of a reduced (or effective) net area. 
Figure 1 - Schematic diagram of the shear lag effect 
According to the AISCl93 specification, consideration of the shear lag was based on studies 
carried out by Munse & Chesson (1963). These studies indicated that the effective net section is 
the function of two main parameters: length and eccentricity of the connection. Thus, the 
AISC/93 specification considers this effect, adopting a reduction factor (U factor), which is given 
by the eq. 1. 
u = l-XlL~ 0.9 (1) 
The structural behavior of bolted connections in cold-formed steel shapes is expected to present 
differences in relation to hot-rolled shapes, since the small thickness of the connected elements 
implies localized effects and, hence, favors the occurrence of ultimate limit states in the base 
metal (tearing, bearing and tension failure of the sheet). 
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Investigations conducted by Holcomb et al. (1995) and LaBoube & Yu (1998) into the behavior 
of bolted connections in the tensile strength of cold-formed shapes demonstrated, particularly in 
terms of tension failure of sheet, that the current formulation presented by the AISC/93 
specification is not directly applicable to cold-formed shapes. 
The results of those studies were included in Supplement # 1 of the AISII96 (1999), containing 
equations to determine the effective net area (A e) of cold-formed shapes, applicable to angles and 
channels connected by two or more bolts in the line of force. These equations were based on the 
AISC/93 specification corrected by factors obtained from tests. 
- for angle members with two or more bolts in the line of force: 
U = 1.0 -1.20· X / L 5, 0.9 (but U shall not be less than 0.4) (2) 
- for channel members with two or more bolts in the line of load: 
u = 1.0 - 0.36 . X / L :::; 0.9 (but U shall not be less than 0.5) (3) 
- for cases where all the elements are connected: 
U =1.0 (4) 
Where: 
X is the eccentricity of the connection, defined as the distance of the centroid to the shear plane 
of the bolts (fig. 2). 
L is the length of the connection (fig. 2). 
Figure 2 - x and L magnitudes for bolted connections [YU (2000)] 
The Brazilian Code adopts the same procedure as Supplement # 1 of the AISII96 (1999) for the 
evaluation of the shear lag effect, as well as a procedure for cases in which all the bolts .are 
contained in a single section (L = 0). In this case, the shape should be treated as an "equivalent 
sheet" (fig. 3), adopting the classic procedure for connections in thin sheets for the equation of 
the U factor. 
U=2.S(d/s) ~1.0 (5) 
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In eq. (5), the U factor is a function only of the dl8 ratio, which evaluates the "intensity of the 
concentration of stress". Therefore, the appropriate value of U depends on a rational evaluation of 
the 8 magnitude; in other words, this value must be established carefully. For cases where the 
spacing between holes 8 is less than the sum of the distances between the centers of the end holes 
to their respective edges in the direction perpendicular to the force (81 + 82), U should be 
calculated by substituting 8 for (81 + 82) and, if there is only one bolt in the analyzed section, then 
U should be calculated taking 8 as the gross width of sheet or, in this case, the development of the 
transversal section of the shape, as illustrated in fig. 3. 
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Figure 3 - Steel shapes treated as "equivalent sheet" 
Experimental analysis 
The experimental analysis involved testing of bolted connections in cold-formed shapes with the 
purpose of evaluating the equations for the calculation of the U factor proposed by the new 
Brazilian Code, based on Supplement # 1 of the AISII96. 
The friction between the connected parts was neglected in the calculations, and the bolts were 
installed in the snug tight condition, conferring them with a relatively low torque and thereby 
allowing the friction force between the elements to be overcome in the initial stages of loading. 
The hypothesis that all the bolts in the connection were equally loaded was also assumed. 
To avoid shear failure of the bolts, ISO 7411 - 8.8 high-strength bolts (equivalent to the ASTM 
A325) were used without washers, with distances equal to 3d between the centers of the holes 
and the center of the hole to edge in the line of force. 
The test specimens were prepared with zinc-coated steel (high-strength ZAR-345), with a 
nominal thickness of 1.55mm, and in carbon-steel (SAE 1008) with a nominal thickness of 
3.75mm. The holes were punched with diameters of 14.0mm and 17.5mm for the 12.5mm and 
16.0mm bolts, respectively. All the test specimens with a 1.55mm thickness were prepared with 
14.Omm holes while the 3.75mm thick specimens had 17.5mm holes. 
The mechanical properties of the materials (virgin steel) were determined through tensile tests, 
following the ASTM A370 specification (table 1). 
701 
a e T bl 1 A '1 verage tensl e properties a f . . vlrgm stee 
Steel A tn Fy Fu FulFy (%) (mm) (MPa) (MPa) 
ZAR 345 (zinc-coated steel) 28 1.55 346 468 1.35 
SAE 1008 (carbon-steel) 35.7 3.75 287 399 1.39 
Tests were performed on 136 test specimens representing single shear connections in cold-
formed angles and channels, which are shown in tables 2 and 3. These shapes were tested in 
duplicate (two identical specimens), varying the number of bolts in the line of force (one, two, 
three and four bolts). 
a e - a te connectIOns mangles T bl 2 BId 






s I: S " I' ~.../ ~.../ " H-rt~ I' ~ ~ , L--U S, U 






" '---u '---u '---U 
Specimen LIlA: Specimen LIlC: Specimen LDIA: Specimen LDIB: Specimen LDIC: 
L 50x50x1.55 mm L 50x50x1.55 mm L 60x40x1.55 mm L 60x40x1.55 mm L 60x40xl.55 mm 
Specimen LI3A: Specimen LI3C: Specimen LD3A: Specimen LD3B: Specimen LD3C: 
L 75x75x3.75 mm L 75x75x3.75 mm L 80x40x3.75 mm L 80x40x3.75 mm L 80x40x3.75 mm 
Table 3 - Bolted connections in channels 
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Specimen UIA: Specimen UIB: Specimen UIC: 
C lOOx40xl.55 mm C lOOx40xl.55 mm C lOOx40xl.55 mm 
Specimen U3A: Specimen U3B: Specimen U3C: 
C 150x50x3.75 mm C 150x50x3.75 mm C 150x50x3.75 mm 
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This experimental investigation was conducted using a servo-hydraulic INSTRON machine. The 
tension load was applied with a 2.0mm/min displacement rate of the test machine's piston . Load 
and extension readings were taken at 1 sec intervals, using an automatic data acquisition system. 
The ultimate load was recorded for each test and the load versus extension curves were plotted 
based on those data. 
The extensions in the line of force were measured using a displacement transducer fixed on one 
of the leg of the angles (on the larger leg, in the case of unequal legs) and at the web of the 
channel, using 375mm long gauge for all the test specimens. Special devices made of IOmm and 
12.5mm thick ASTM A36 were produced to fix the test specimens to the test machine (fig. 4). 
Typical test setup d'lspfacement transcfucer 
Figure 4 - Overall view of the test, mounting brackets and displacement transducer 
Analysis of the results 
The experimental values of the U factor, which were obtained based on the ultimate load, 
according to eq . (6) , were compared with the theoretical values given in Supplement # 1 of the 
AISIJ96 and in the Brazilian Code (eqs. 2, 3 and 4). In the case of connections containing all the 
bolts in a single section, the "equivalent sheet" procedure foreseen in the Brazilian Code (eq . 5) 




a) all the bolts contained in a single section: 
The failure mode observed in every test was bearing, as illustrated in fig. 5, owing mainly to the 
high concentration of stresses in this region, demonstrating that the occurrence of tension failure 
of the sheet is improbable in thi s case. The experimental results were also compared to the 
theoretical bearing strength, following the AISIJ96 Code for single-shear connections without 
washers under both bolt head and nut (eq . 7). 
Po = 2.22Fudt (7) 
Figure 5 - Bearing and piling up of steel sheet in (ront of the bolt 
The graphs in fig . 6 reveal that the ultimate load was generally higher than the theoretical value 
(maximum of 57%), except in some of the 1.55mm thick angles connected by only one leg, 
where the ultimate load was lower than the theoretical value (maximum of 15%). 
In fig. 7, the graphs illustrate the experimental values of the U factor compared to the theoretical 
ones, based on the "equivalent sheet" procedure (eq. 5), clearly indicating that the experimental 
values were generally higher than the theoretical ones, with a good congruence for both the 
angles and the channels. Thus, although the failure mode was bearing, the equivalent sheet 
































































• LIlA 1,0 1,0 
• Ll1C 
"- Ll3A 0,8 
+ NBR 14762 0,8 ~I 
" 
Ll3C 





X L01C ~ 0,4 • ~ 0,4 "'= .. L03A " 
U3A 
- L03B U3B 
0,2 
" 
, U3C 0,2 I L03C 
0,0 0,0 
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,0 0,1 0,2 0,3 0,4 0,5 0,6 
dis dis 
a) angle b) channel 
Figure 7 - Experimental values versus the equivalent sheet procedure 
b) two or more bolts in the line of force: 
The predominant failure mode was tearing of sheet in net section (fig. 8), often associated with 
bearing; in other words, tension failure of the sheet occurred with excessive strain of steel sheet 
in front of the bolt (or bolts). The cases in which failure was characterized solely by bearing 
(UIA and U3A) were not included in the analysis. 
Figure 8 - Tearing in net section 
The graphs in fig. 9 show only the results for the test specimens whose elements were not all 
connected, including the results obtained of the investigation conducted by Holcomb et at. In the 
case of the angles (fig, 9a), it can be observed that the experimental values were mostly lower 
than the theoretical ones (around \0%). This difference decreases for higher values of the x IL 
ratio. 
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The experimental values for the channels (fig. 9b) were substantially lower than the theoretical 
ones (maximum of 30%). Considering cases where the connections were made only the web, the 
failure mode was bearing. 
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Figure 9 - Experimental results: two or more bolts in the line of force 
Fig. 10 depicts the experimental results of the test specimens with all their elements connected, 
showing that the value of the U factor was lower than the theoretical value recommended by 
Supplement # 1 of the AISII96 (U = 1.0). The U factor showed a mean value of 0.9, reaching a 
minimum of 0.83. 
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Figure 10 - Experimental results: test specimens with all their elements connected 
Conclusions 
The failure mode of the test specimens containing all the bolts in a single section was bearing or 
piling up of steel sheet in front of the bolt, which did not characterize tearing of sheet in net 
section. The experimental values were greatly dispersed and generally higher than the theoretical 
values, whose calculation was based on the AISII96 Code (eq. 7), except in the case of some 
1.55mm thick angles connected by only one leg, for which the experimental values were up to 
15% lower than the theoretical ones. Hence, it can be concluded that the AISII96 procedure 
proved satisfactory for the cases analyzed here. 
The Brazilian Code presents an "equivalent sheet" procedure to calculate the U factor Ceq. 5), 
which is applicable in cases where all the bolts are contained in a single section. Although the 
failure mode observed here was bearing, the experimental values were in good agreement with 
the theoretical ones, indicating that this procedure allows for the satisfactory evaluation of the 
member's capacity in the region of the connection. 
In cases in which all the elements were connected, the experimental values of the U factor were 
lower than the theoretical value (U = 1.0) usually adopted in the design of hot-rolled shapes. It is 
suggested, in this case, to adopt U = 0.9 for thicknesses of up to 3.75mm. Further tests are 
ongoing to evaluate the limit thickness at which the U factor can be taken as being equal to 1.0. 
For the test specimens with two or more bolts in the line of force, the predominant failure mode 
was tearing of sheet in net section, often coupled with bearing and tearing. The experimental 
values for the angles were approximately 10% below the theoretical values that were obtained 
based on eq. 2, presented in Supplement # 1 of the AISII96. This difference decreased at higher 
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values of the x IL ratio. The channels showed widely scattered results, with experimental values 
below theoretical ones (eq. 3), reaching differences of up to 30% in some cases. 
Based on the experimental results of this work, it was concluded that the procedure proposed in 
Supplement # 1 of the AISII96 and adopted by the new Brazilian Code, requires a more in-depth 
analysis. New tests are being conducted, considering other sheet thicknesses and other connection 
configurations, with the purpose of establishing a reliable analysis for the proposal of possible 
adjustments to the expressions used in U factor calculations, particularly in the case of channels. 
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APPENDIX B - NOTATION 
A elongation (for a 50mm long gauge) 
Ae effective net area (An.U). 
An net area 
d nominal diameter of bolt 
Fu tensile strength 
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Fy yield strength 
L length of the connection 
Po nominal bearing strength 
Pu ultimate load (experimental) 
s spacing of bolts perpendicular to line of force 
to nominal thickness 
U reduction factor for determining effective net area 
x distance from shear plane to centroid of the cross section 
